Background: Nicotinic acetylcholine receptor trafficking is governed by compartment-specific molecular signals. Results: Novel motifs in the muscle ␤/␦ subunit cytoplasmic loops mediate Golgi retention and recovery from the plasma membrane. Conclusion: The ␤/␦ motifs regulate surface trafficking of assembled receptor and retain unassembled subunit loops. Significance: This work identifies a novel Golgi-based regulatory step in nicotinic receptor trafficking.
The molecular determinants that govern nicotinic acetylcholine receptor (AChR) assembly and trafficking are poorly defined, and those identified operate largely during initial receptor biogenesis in the endoplasmic reticulum. To identify determinants that regulate later trafficking steps, we performed an unbiased screen using chimeric proteins consisting of CD4 fused to the muscle AChR subunit cytoplasmic loops. In C2 mouse muscle cells, we found that CD4-␤ and ␦ subunit loops were expressed at very low levels on the cell surface, whereas the other subunit loops were robustly expressed on the plasma membrane. The low surface expression of CD4-␤ and ␦ loops was due to their pronounced retention in the Golgi apparatus and also to their rapid internalization from the plasma membrane. Both retention and recovery were mediated by the proximal 25-28 amino acids in each loop and were dependent on an ordered sequence of charged and hydrophobic residues. Indeed, ␤K353L and ␦K351L mutations increased surface trafficking of the CD4subunit loops by >6-fold and also decreased their internalization from the plasma membrane. Similarly, combined ␤K353L and ␦K351L mutations increased the surface levels of assembled AChR expressed in HEK cells to 138% of wildtype levels. This was due to increased trafficking to the plasma membrane and not decreased AChR turnover. These findings identify novel Golgi retention signals in the ␤ and ␦ subunit loops that regulate surface trafficking of assembled AChR and may help prevent surface expression of unassembled subunits. Together, these results define molecular determinants that govern a Golgi-based regulatory step in nicotinic AChR trafficking.
Nicotinic acetylcholine receptors (nAChRs) 2 are pentameric, ligand-gated ion channels belonging to the superfamily that includes GABA, glycine, and 5-hydroxytryptamine receptors. In the peripheral nervous system, nAChRs mediate fast synaptic transmission at neuromuscular and autonomic ganglionic synapses, and their dysfunction results in human neurological disorders including myasthenia gravis (1) and congenital myasthenic syndrome (2) . In the CNS, nAChRs modulate transmitter release and neuronal excitability and have been implicated in a variety of neurological disorders including autosomal dominant nocturnal frontal lobe epilepsy, Alzheimer disease, Parkinson disease, and schizophrenia, as well as in nicotine addiction (for review, see Refs. [3] [4] [5] .
Nicotinic AChRs occur in multiple subtypes formed from different combinations of subunits that convey different pharmacological and physiological properties. The muscle AChR is a hetero-pentamer composed of 2 ␣, and one ␤, ␦, and ␥ (fetal) or ⑀ (adult) subunits. Neuronal receptors are either homo-pentamers composed of ␣7, ␣8, or ␣9 subunits or hetero-pentamers composed of ␣2-␣6 and ␤2-␤4 subunits. All subunits are homologous and have a large extracellular N-terminal domain, four transmembrane domains, and a large cytoplasmic loop between transmembrane domains 3 and 4 that is thought to contain determinants for trafficking and targeting of the receptor (3, 6) .
The function of nAChRs in muscle or neurons depends on their appropriate assembly and trafficking to the plasma membrane. Individual subunits are synthesized and assembled in an ordered fashion into receptor in the endoplasmic reticulum (ER). This is a surprisingly inefficient process, with only 10 -30% of the synthesized subunits being incorporated into surface nAChR in muscle or neurons (6, 7) . Only pentameric receptor is exported from the ER, however, and unassembled subunits and partially assembled intermediates are retained and degraded by the ER-associated degradation (ERAD) machinery (8) . This discrimination process is accomplished by trafficking signals in the AChR subunits that prevent surface expression of assembly intermediates, which could decrease the pool of subunit available for assembly and uncouple transmitter binding from channel function (9) . Most notably, a retention motif located in the first transmembrane domain of each subunit retains unassembled subunits in the ER but becomes buried in receptor pentamers, allowing export (10) . Additional signals in the major cytoplasmic loop, including a dibasic retention motif (11) and paired hydrophobic residues that are required for export (12) , likely provide additional quality control. The ER components that bind these motifs are not yet identified, although the sorting receptor Rer1 has been implicated in retention of unassembled ␣ subunits (9) , and several other ER proteins have been identified that promote expression of different nAChR subtypes, including RIC-3 (13), VILIP-1 (14) and UBXD4 (15) .
After ER export, AChRs are trafficked to the Golgi complex for further processing, including modification of N-linked oligosaccharides on the ␥ and ␦ subunits to more complex forms (16) , and then are sorted and delivered to the plasma membrane. The molecular determinants in the AChR that govern these later steps in the secretory pathway are unknown, but several findings suggest that Golgi trafficking is also regulated and may contribute to quality control. First, mutation of the dibasic motif in the ␣1 subunit cytoplasmic loop allows some unassembled subunits to be trafficked from the ER to the Golgi, but they are then retained in the Golgi by an unknown mechanism (11) . Second, in Caenorhabditis elegans, the Golgi-resident protein, unc-50, is required for trafficking of one subtype of nAChR to the neuromuscular junction (17) . Third, a significant intracellular pool of mature, assembled AChR has been detected in both muscle cells and neurons (3, 18) . Consequently, the Golgi complex could constitute a second checkpoint in AChR biogenesis and trafficking, which further monitors the composition and processing of nAChRs and regulates their delivery to the plasma membrane.
Here, using the mouse muscle AChR as a model, we performed an unbiased screen to identify molecular determinants for post-ER trafficking of the AChR. We identify a novel signal in the ␤ and ␦ subunit loops that mediates Golgi retention, and mutation of this motif permits surface expression of unassembled subunit loops and increases surface levels of assembled receptor. We propose that this Golgi retention motif regulates AChR trafficking to the plasma membrane and that it may also contribute to quality control along with ER-based mechanisms.
EXPERIMENTAL PROCEDURES
CD4-Subunit Loop Constructs-Chimeric constructs consisting of mouse CD4 extracellular and transmembrane domains fused with the major cytoplasmic loop of each mouse nAChR subunit were generated as described previously (19) . Briefly, a BglII site was introduced by site-directed mutagenesis at the end of the transmembrane domain of mouse CD4. The intracellular domain of CD4 was then excised, and PCR fragments comprising each of the acetylcholine receptor subunit loops or intracellular loop regions were ligated into this site. Mutations in the intracellular loops were introduced using the QuikChange Lightning site-directed mutagenesis kit (Strat-agene). All CD4-subunit loop chimeras were expressed using the pcDNA3 vector and confirmed by sequencing.
Cell Culture, Transfection, and Immunostaining-C2 mouse muscle cells were maintained in growth medium (DMEM supplemented with 20% fetal bovine serum, 0.5% chick embryo extract, 2 mM L-glutamine, and 200 units/ml penicillin-streptomycin) at 37°C and 8% CO 2 . For immunostaining experiments, myoblasts were grown on 8-well chamber slides (Nalgene Nunc, Inc.) and transfected at ϳ60 -70% confluence using FuGENE (Roche Applied Science). Upon reaching confluence the cells were incubated with fusion medium (DMEM supplemented with 5% horse serum and 2 mM L-glutamine) and allowed to differentiate into myotubes for 3-4 days prior to analysis (19) .
To assay cellular localization, C2 myotubes transfected with each CD4-subunit chimera were fixed in 2% paraformaldehyde/PBS, blocked, and incubated with anti-CD4 antibody H129.19 (BD Biosciences) and Alexa Fluor 488-conjugated anti-rat secondary antibody to label surface CD4 chimeras. The cells were then washed, permeabilized with 0.5% Triton X-100 for 10 min, blocked, and incubated with anti-CD4 antibody and Alexa Fluor 594-conjugated secondary antibody to label intracellular chimeras. In control immunostaining and on-cell Western experiments, we did not detect intracellular proteins without this permeabilization step.
To define the cellular compartment involved in retention, transfected myotubes were permeabilized and co-labeled for CD4 (rat anti-CD4 (H129. 19) or goat anti-rmCD4 (R&D Systems) and specific markers for the ER (mouse anti-protein disulfide isomerase, clone 1D3, Enzo Life Sciences, Cambridge, MA) and Golgi compartments (rabbit anti-giantin, clone ab24586, Abcam, Farmingdale, NY). Laser scanning confocal microscopy was performed using an Olympus Fluoview Scanning Confocal Microscope (Olympus America, Center Valley, PA). Digital images were processed with Adobe Photoshop (Adobe Systems Inc., San Jose, CA).
To assay internalization from the plasma membrane, we transfected C2 muscle cells in duplicate with each CD4 subunit loop chimera, and after 3-day expression, incubated the live cells with rat anti-CD4 antibody (H129.19) at 4°C for 10 min. After washing in growth media to remove unbound antibody, one set of cultures was fixed immediately with 2% paraformaldehyde, blocked, and incubated with Alexa Fluor 594-anti-rat secondary antibody to label surface CD4 chimeras. The second set was incubated for 15 min at 37°C to allow endocytosis to occur before fixing, permeabilizing with 0.5% Triton X-100, and labeling with Alexa Fluor 594-secondary antibody; this labeled both surface and internalized chimeras. To confirm internalization, transfected myotubes were labeled sequentially for surface and internalized chimeras. After labeling with CD4 antibody at 4°C and incubation at 37°C for 15 min, the cells were fixed with 2% paraformaldehyde and incubated with Alexa Fluor 488-secondary antibody to detect surface chimeras. Then, the cells were washed, permeabilized with 0.5% Triton-X, and incubated with Alexa Fluor 594-secondary antibody to detect internalized chimeras. In addition, we performed acid stripping experiments, where the transfected myotubes were labeled with anti-CD4 antibody as above, but were then treated with 0.5 M NaCl/0.2 M acetic acid (pH 2.5) for 4 min at 4°C prior to fixation to remove surface-bound antibody (20, 21) .
The labeled culture slides were viewed with a Zeiss Axioplan 2 IE fluorescence microscope and Plan-Apo 40ϫ objective, and quantified in two ways. First, in random fields, we counted the number of transfected myotubes that showed mostly punctuate intracellular staining rather than diffuse surface staining and expressed this as a percentage of total transfected myotubes (20 random fields/experiment). This included myotubes with both high and low expression levels of the CD4-subunit loops. Second, digital images were acquired using an Axiocam MRM camera and Axiovision software, with automatic exposure times. Then, in blinded fashion, we counted the number of puncta within an 8 ϫ 8-m region centered in the brightest area of each transfected myotube. Objects were defined as puncta by their circular shape and intensity compared with the surrounding region and size (Ͻ1 m). Data were collected from 2-5 independent experiments for each CD4 chimeric construct.
On-cell Western Assays and Immunoblotting-C2 muscle cells were grown on 8-well chamber slides and transfected in duplicate with each CD4-subunit loop chimera. After 3-4 days for expression the cells were fixed, blocked, and incubated with anti-CD4 antibody, either with or without permeabilization, to detect total and surface CD4-subunit loops, respectively. Bound antibodies were detected using IRDye-conjugated antirat secondary antibodies and an Odyssey Imaging System (LI-COR). Total signal intensity was measured for each well and the percentage of surface (nonpermeabilized) versus total (permeabilized) expression calculated for each CD4-subunit loop chimera. Data were collected from 3-6 independent experiments for each construct.
To assay surface and intracellular pools of AChR, HEK cells were grown on 10-cm dishes and transfected with wild-type or mutant AChR subunits using the CaP method. After 1 day for expression, the cells were incubated live with biotinylated ␣-bungarotoxin (␣-BuTx) for 45 min to label surface AChR, and then washed, collected, and extracted in buffer containing 0.5% Triton X-100, 25 mM Tris, 25 mM glycine, 150 mM NaCl, 5 mM EDTA, and Halt protease inhibitor mixture (ThermoScientific). First, biotin-␣-BuTx-labeled surface receptor was isolated from the extracts using streptavidin beads (Invitrogen). Then, unlabeled intracellular AChR was isolated from the remaining supernatant by reincubation with biotin-␣-BuTx and pulldown on streptavidin beads. The samples were separated on 10% polyacrylamide gels (14 ϫ 14 cm) and immunoblotted with anti-␤ subunit antibody (mAb148). Bound antibodies were detected using IRDye-conjugated anti-rat secondary antibody, imaged with an Odyssey Imaging System, and band intensities were quantified using ImageStudio (LI-COR). The percentage of receptor in the surface and intracellular pools was calculated from 4 independent experiments.
Assays of AChR Surface Levels and Turnover-Heterologous COS and HEK cells were maintained in growth medium (DMEM-HI supplemented with 10% FBS and 100 units/ml penicillin/streptomycin) at 37°C and 5% CO 2 . To assay levels of surface AChR, HEK cells were grown on 6-well plates and transfected with pcDNA3 plasmids encoding the mouse AChR subunits using X-tremeGene (Roche Applied Science). After 1 day for expression, the cells were labeled with 10 nM 125 I-labeled-␣-BuTx (PerkinElmer Life Sciences) for 45 min. Nonspecific binding was determined by treating myotubes with 1 M cold ␣-BuTx for 30 min prior to incubation with 125 I-␣-BuTx. Cells were then washed three times with growth medium to remove unbound 125 I-␣-BuTx, solubilized in 0.1 N NaOH, and the 125 I-␣-BuTx bound to surface AChR was measured with a Packard gamma counter. Background counts were subtracted from the experimental counts, and values are reported as a percentage of the total surface counts for cells transfected with wild-type AChR.
For receptor turnover experiments, COS cells were grown on 6-cm dishes and transfected in triplicate with wild-type or mutant AChR. Surface AChR was labeled with 125 I-␣-BuTx (as above), and its degradation was followed over time as described in Refs. 22-24. Briefly, as 125 I-␣-BuTx-labeled AChR degrades, free 125 I accumulates in the culture medium. This was measured in samples collected at 5, 19.5, and 27.5 h, along with the amount of labeled receptor remaining on the cells at 27.5 h. The total amount of labeled AChR at the beginning of the experiment was calculated by adding the medium and cell counts, and the percentage remaining at each time point was graphed on a semilog plot. Degradation curves were fitted by linear regression, and half-lives were calculated for each experiment and then averaged (n ϭ 5 independent experiments). Receptor turnover experiments were also performed on HEK cells, with similar results.
RESULTS
To identify molecular determinants for AChR trafficking we performed an unbiased screen using chimeric constructs consisting of mouse CD4 extracellular and transmembrane domains fused with the major cytoplasmic loop of each mouse muscle nAChR subunit (19) (Fig. 1A) . The CD4-loop chimeras do not assemble with endogenous AChR subunits in muscle cells (19) and lack a previously identified ER retention motif in the first transmembrane domain of each subunit (10) . Thus, they allow us to test each subunit cytoplasmic loop for molecular signals that act in later, post-ER trafficking steps. For this, we transfected mouse C2 muscle cells with each CD4-subunit loop chimera. After 3 days for expression, the differentiated myotubes were fixed with 2% paraformaldehyde and immunostained for surface CD4 chimeras with anti-CD4 antibody and Alexa Fluor 488-conjugated secondary antibody; the cells were then permeabilized with detergent and immunostained for intracellular chimeras with anti-CD4 antibody and Alexa Fluor 594-secondary antibody. Whereas CD4 and CD4-␣, ␥, and ⑀ loops were robustly expressed on the myotube surface, we found that CD4-␤ and ␦ loops were mostly retained intracellularly and detectable only after permeabilization ( Fig. 1B) . To confirm this we used an on-cell Western blot assay (see "Experimental Procedures") to quantify surface versus total expression for each CD4-subunit loop chimera (Fig. 1C ). This revealed that a high percentage of CD4 and CD4-⑀ loop (Ͼ70%) and moderate percentage of CD4-␣ and ␥ loops (30 -37%) were trafficked to the cell surface. In contrast, only 6% of CD4-␤ and 0.3% of CD4-␦ loop were detectable on the plasma membrane. This suggests that the ␤ and ␦ subunit cytoplasmic loops contain retention signals that largely prevent their surface expression.
In addition, we found that the intracellular localization of CD4-␤ and ␦ loops differed from that of the other CD4-subunit loops. CD4 and CD4-␣, ␥, ⑀ loops exhibited a relatively diffuse intracellular distribution, consistent with normal trafficking through the ER and Golgi to the cell surface ( Fig. 1B ). In contrast CD4-␤ and ␦ loops showed a more punctate, restricted localization. To identify this cellular compartment we performed immunofluorescence microscopy using a laser scanning confocal microscope ( Fig. 2 ). Both CD4-␤ and ␦-loop chimeras localized to discrete, punctate/reticular, cytoplasmic structures that tended to encircle the nucleus (Fig. 2, A and B) , a morphology and distribution characteristic of the Golgi complex in differentiated muscle fibers as well as cultured myotubes (16, 25) . Indeed, double labeling with antibodies to the Golgi scaffolding protein giantin ( Fig. 2A ) revealed extensive overlap between CD4-␤ and ␦ loops and the Golgi marker, but no overlap for the CD4 control. In addition, we observed minimal overlap between CD4-␤ and ␦ loop chimeras and the endoplasmic reticulum marker protein disulfide isomerase ( Fig. 2B ). CD4-␦ loop had a slightly more diverse subcellular distribution to CD4-␤ loop, in that it also localized to small puncta that did not co-localize with Golgi markers. From these results we conclude that CD4-␤ and ␦ loop chimeras localize principally to the Golgi complex and not the ER. Thus, the low surface expression of CD4-␤ and ␦ loops is due, at least in part, to selective retention in the Golgi apparatus, identifying novel trafficking signals specific to the ␤ and ␦ cytoplasmic loops.
Another process that could contribute to the low surface expression of CD4-␤ and ␦ loops is selective endocytosis from the plasma membrane. To test this, we transfected C2 muscle cells in duplicate with each CD4-subunit loop chimera, and after 3 days for expression, we incubated the live cells with anti-CD4 antibody at 4°C. After a brief wash to remove unbound antibody, one set of cultures was fixed immediately with 2% paraformaldehyde, blocked, and incubated with Alexa Fluor 594-secondary antibody to label surface CD4 chimeras. The second set was incubated for 15 min at 37°C to allow endocytosis to occur before fixing, permeabilizing with 0.5% Triton X-100, and labeling with secondary antibody; this labeled both surface and internalized chimeras. For CD4 or CD4-␣, ␥, or ⑀ loops, we observed similar patterns of staining in both conditions ( Fig. 3A) , indicating that most CD4 chimeras remained on the cell surface and were not internalized within the 15-min period. In contrast, we found prominent endocytosis of CD4-␤ and ␦ loops during the 15 min at 37°C, with most labeling in permeabilized cultures being associated with punctate vesicular structures (Fig. 3A) . The contrasting immunostaining patterns for CD4-␤ and ␦ compared with the other chimeras were observed regardless of the expression levels in individual myotubes. Moreover, the CD4-␤ and ␦ loop puncta were intracellular, as they were only observed after permeabilization in sequential labeling experiments (see "Experimental Procedures"). Indeed, Ͼ90% of myotubes expressing CD4-␤ or ␦ loops showed prominent endocytosis compared with 20% of myotubes expressing CD4-␣ loop and Ͻ1% of myotubes expressing CD4 or CD4-␥ or ⑀ loops ( Fig. 3B ; p Ͻ 0.01; n ϭ 3-4; ANOVA with Tukey's post hoc test). Similarly, the number of CD4-labeled puncta/unit area was significantly higher in myotubes expressing CD4-␤ and ␦ loop, compared with CD4 or CD4-␥ or ⑀ loop (Fig. 3B) . To further confirm internalization of CD4-␤ or ␦ loop chimeras we performed acid stripping experiments. Transfected myotubes were labeled with anti-CD4 antibody at 4°C, incubated at 37°C for 15 min to allow internalization, and then chilled on ice and incubated with 0.5 M NaCl/0.2 M acetic acid for 4 min. This procedure selectively strips bound antibody from the cell surface while leaving intracellular antibody-receptor complexes intact (20, 21) . The cells were then fixed and permeabilized prior to incubating with Alexa Fluor 594-secondary antibody to detect internalized CD4-␤ loop. Acid stripping effectively removed anti-CD4 antibodies from the surface of CD4-expressing myotubes, confirming the efficiency of this procedure (Fig. 3C ). CD4-␤ chimera, however, was readily detected after acid stripping and subsequent fixation and permeabilization, confirming that it was endocytosed (Fig. 3C ). Taken together, these findings demonstrate that CD4-␤ and ␦ loop chimeras that reach the cell surface are rapidly internalized, whereas CD4 and CD4-␣, ␥, and ⑀ loops are much more stably expressed on the plasma membrane.
Our findings suggest that ␤ and ␦ subunit loops are selectively retained in the Golgi and recovered from the plasma membrane, indicating that both processes may be mediated by the same molecular determinants. To define these determinants, we first used deletion constructs to map the internalization signals in the ␤ and ␦ loops. As shown in Fig. 4 , we found prominent endocytosis of the proximal region of ␤ and ␦ loops, but not of more C-terminal loop fragments. Progressive deletions then localized the internalization signal to ␤ loop amino acids 333-360, and ␦ loop amino acids 337-359, with further truncations abolishing endocytosis (Fig. 4) . In contrast, mutation of conserved residues in the membrane proximal region of the ␦ sequence (␦P341A/S342A/T343A) had no significant effect on internalization. This identifies minimal 25-28 amino acid sequences that are sufficient for endocytosis and suggests that the C-terminal residues in each are critical determinants in the motif. Consistent with this, we found that transfer of ␤ loop 353-369 to the analogous position in ⑀ loop conferred endocytosis to CD4-⑀, which otherwise was stably expressed on the plasma membrane (Fig. 3A) .
The ␤ and ␦ loop regions that mediate internalization are well conserved across species and share some sequence homology but no common endocytic motifs. Although the ␤ sequence contains a putative YXXL motif for clathrin-mediated endocytosis (26) , mutating these residues did not inhibit internalization (␤Y357A/L360A; Fig. 5, C and D) , and the ␦ sequence does not contain either tyrosine-or dileucine-based endocytic signals. Consequently, we carried out a mutational analysis to define the critical determinants for endocytosis. Mutation of several conserved residues in ␤ and ␦ failed to inhibit internalization (e.g. ␤P355A, ␤R362A/P363A, ␦F354A, ␦L358A/ P359A). However, portions of both ␤ and ␦ sequences are predicted to form ␣-helices, with similar, partially amphipathic FIGURE 2. CD4-␤ and ␦ cytoplasmic loops are retained mainly in the Golgi complex. A, C2 myotubes transfected with CD4 and CD4-␤ or ␦ loops were fixed, permeabilized, and double-stained with anti-CD4 antibody and an anti-giantin antibody to stain the Golgi complex. CD4 exhibited a diffuse intracellular and cell surface distribution, with little overlap with the giantin staining. In contrast, both CD4-␤ and ␦ loops exhibited extensive co-localization with the Golgi marker (see merged images). B, transfected myotubes were immunostained with anti-CD4 and an anti-protein disulfide isomerase (PDI) antibody to stain the endoplasmic reticulum. CD4-␤ or ␦ loops showed minimal co-localization with the ER marker. All confocal images are centered on a pair of nuclei within the multinucleate myotubes.
structures (Jpred, psipred, and Heliquest secondary structure prediction programs; Fig. 5E ). Therefore, we also tested mutations designed to alter the alignment of charged and hydrophobic residues, without disrupting the ␣-helical secondary structure. Notably, we found that ⌲353L and L354K mutations dramatically reduced CD4-␤ endocytosis, as did single amino acid insertions or deletions at these positions ( Fig. 5, A, C, and  D) . Similarly, the K351L mutation eliminated CD4-␦ internalization ( Fig. 5, B-D) . These findings suggest that internalization of the ␤ and ␦ subunit loops is mediated by a novel motif, with a possible ␣-helical secondary structure (Fig. 5E ).
To test whether the same motif mediates intracellular retention in the Golgi complex we expressed CD4-␤(333-369) and ␦(337-370) in C2 muscle cells and assayed their cellular localization by immunostaining with anti-CD4 antibodies before and after permeabilization. As observed for the full ␤ and ␦ loops, we found minimal surface expression of CD4-␤(333-369) and ␦(337-370) (Fig. 6, A and B) . In both cases, they were retained largely intracellularly and exhibited a characteristic Golgi-like distribution. In addition, we found that ␤K353L and ␦K351L mutations resulted in significantly higher surface expression and increased the ratio of surface to intracellular labeling by Ͼ6-fold (Fig. 6, A and B) . Similarly, in on-cell Western blot assays, we found that ␤K353L and ␦K351L mutations increased surface expression of CD4 chimeras containing the complete ␤ and ␦ loops by Ͼ6-fold, as well as the proximal fragments (␤(333-369) and ␦(337-370)) by 2.4 -3-fold (Fig. 6C ). In all cases we observed higher surface expression for the proximal ␤ and ␦ loops compared with the complete loops, suggesting that additional retention signals may exist in the C-terminal portion of these loops. To test whether the molecular machinery that recognizes the ␤ and ␦ motifs is ubiquitous or specific to muscle cells, we repeated these experiments in HEK cells. As in muscle cells, we observed selective intracellular retention of CD4-␤ and ␦ loops, which was reduced substantially by ␤K351L and ␦K353L mutations (Fig. 6D) . Surface expression increased with prolonged expression, however, suggesting that the retention mechanism is saturable in nonmuscle cells (data not shown). Next, we confirmed that the Golgi retention was due to arrest of forward trafficking in the Golgi complex rather than to internalization from the plasma membrane and retrograde trafficking to the Golgi. For this we expressed CD4-␤(333-369) and ␦(337-370) in C2 myotubes, labeled the surface chimeras live with anti-CD4 antibody, and then chased for variable periods (15 min to 2 h). Even with extended chase times (2 h), we found that internalized CD4-␤(333-369) and ␦(337-370) were localized in small punctate vesicular structures that had minimal overlap with the Golgi marker giantin (Fig. 6E) , indicating that they are not trafficked back to the Golgi complex. Together, these results indicate that the ␤ and ␦ subunits contain signals in their proximal cytoplasmic loops that mediate both Golgi retention and internalization from the plasma membrane. Moreover, retention and recovery are mediated by similar or identical sequence determinants that are recognized in both muscle and heterologous cells.
Finally, we tested the role of the ␤/␦ subunit loop retention/ recovery motifs in trafficking of assembled AChR. First, we expressed the AChR in HEK cells, either in wild-type form, or with ␤K353L and ␦K351L subunit mutations, and then measured surface levels of receptor by 125 I-␣-BuTX binding (Fig.  7A) . Notably, AChR with combined mutations of the ␤ and ␦ subunit motifs (␤K353L and ␦K351L) was expressed at significantly higher levels on the cell surface than wild-type AChR (138% of WT levels, p ϭ 0.02, t test, n ϭ 4). Receptor with single ␤ or ␦ subunit mutations was expressed at intermediate levels.
These results indicate that the ␤ and ␦ motifs are accessible and active in the assembled AChR and regulate its surface expression. To test whether this is due to increased trafficking to the plasma membrane, we sequentially isolated surface and intra- A, C2 myotubes were transfected in duplicate with CD4-subunit loop chimeras and surface-labeled with anti-CD4 antibody, live at 4°C. One set was fixed immediately and labeled with secondary antibody (Surface). This showed diffuse surface labeling for all CD4 chimeras. The second set was incubated at 37°C for 15 min prior to fixation, permeabilization, and labeling with a secondary antibody (Surface ϩ internalized). This showed diffuse surface staining for CD4 and CD4-␣, ⑀, and ␥ loops but punctate, vesicular-like staining for CD4-␤ and ␦ loops. All images were acquired with automatic exposure times, which were longer for surface CD4-␤ and ␦ loops due to their low expression. Scale bar, 10 m. B, quantification of the percentage of transfected myotubes with punctate immunostaining (top) and the number of puncta per unit area of myotube (bottom). Both measures demonstrate striking endocytosis of CD4-␤ and ␦ loops compared with CD4 or CD4-␣, ⑀, and ␥ loops (**, p Ͻ 0.01, ANOVA with Tukey's post hoc test). Error bars, S.E. C, C2 myotubes expressing CD4 or CD4-␤ loop chimeras labeled with anti-CD4 antibody at 4°C and incubated at 37°C for 15 min. Surface-bound antibodies were then removed by acid stripping prior to cell fixation, permeabilization, and labeling with secondary antibody. Acid stripping efficiently removed surface labeling for CD4, but not the punctate labeling for CD4-␤ loop, confirming that it was internalized from the cell surface.
cellular AChR and then immunoblotted with anti-␤ subunit antibody (Fig. 7B) . Compared with wild type, we found more ␤K353L/␦K351L-AChR on the cell surface and less in the intracellular pool. Indeed, the percentage of AChR in the intracellular pool was only 15Ϯ5% for ␤K353L/␦K351L-AChR, compared with 26Ϯ6% for WT-AChR ( Fig. 7C; p ϭ 0 .02, t test, n ϭ 4 independent experiments). In addition, we compared the turnover rate of wild-type and mutant AChR on the cell surface by labeling receptor with 125 I-␣-BuTx and following its degradation over time. Interestingly, we found no difference in the degradation rate of ␤K353L/␦K351L-AChR compared with wild-type AChR (Fig. 7D) , indicating that the ␤/␦ motifs do not regulate basal turnover of surface receptor. Thus, mutation of the motifs increases surface levels of AChR by up-regulating receptor trafficking to the plasma membrane rather than downregulating receptor turnover. 
DISCUSSION
The correct assembly and trafficking of nAChRs are essential for their surface expression and synaptic function. Previous studies have defined several molecular determinants in the receptor that control ER export and quality control, but the determinants for later trafficking steps are unknown. Here, we define novel signals in the muscle ␤ and ␦ subunit cytoplasmic loops that mediate Golgi retention and retrieval from the plasma membrane. We show that mutation of the motifs permits surface expression of unassembled subunit loops and also increases surface levels of assembled AChR. We propose that the ␤/␦ retention signals regulate Golgi exit and surface traf-ficking of assembled AChR and may also contribute to Golgiand plasma membrane-based quality control mechanisms that prevent surface expression of unassembled or incorrectly assembled subunits.
Molecular Determinants for AChR Trafficking-Trafficking of nAChRs through the secretory pathway is thought to be regulated by a series of compartment-specific retention and export signals. In the ER, unassembled muscle subunits are selectively retained by a conserved motif in the first transmembrane domain (10) and by dibasic motifs in ␣ and possibly other subunit cytoplasmic loops (11) . These motifs likely become buried upon subunit assembly, allowing export of pentameric receptor (10), whereas unassembled subunits are retained and targeted for degradation by ERAD (8) . In addition, spaced pairs of hydrophobic residues in the ␣4 and ␤2 subunit cytoplasmic loops serve as export signals for assembled neuronal AChR (12) . Together, these molecular signals provide critical quality control, ensuring that only assembled receptor is trafficked to later compartments in the secretory pathway.
Our findings now identify analogous molecular signals that regulate Golgi trafficking. In an unbiased screen we defined 25-28 amino acid sequences in the ␤ and ␦ subunit cytoplasmic loops (Fig. 5E ) that act as strong Golgi retention signals. These motifs largely prevent trafficking of ␤ and ␦ loops to the plasma membrane, and the trace amounts of CD4-␤ and ␦ that reach the cell surface are rapidly internalized via the same motif. In contrast, other subunit loops are efficiently trafficked to and stably expressed on the muscle cell surface. Interestingly, the ␤ and ␦ Golgi retention motifs are localized in the proximal, major cytoplasmic loop like two of the previously identified ER trafficking signals. However, Golgi retention does not correlate with the dibasic motifs present in the proximal loops of ␣, ␥, and ␦ subunits (11) , and the critical determinants for Golgi retention are distinct from the spaced pairs of hydrophobic residues present in all subunit proximal loops (12) . Rather, our mutational analysis demonstrates that Golgi retention and recovery from the plasma membrane are dependent on an ordered array of basic and hydrophobic residues in the C-terminal portion of the motif with a predicted ␣-helical secondary structure. Most notably, this includes specific lysine residues and their immediate neighbors, which lie at slightly different . Golgi retention is mediated by the same sequence determinants that mediate internalization. A, C2 muscle cells transfected with CD4-␤(333-369) were immunostained sequentially for surface and intracellular CD4 chimeras. CD4-␤(333-369) wild type (WT) was mostly retained intracellularly in the Golgi complex, whereas CD4-␤(333-369) K353L was robustly expressed on the cell surface. B, quantification shows that ␤K353L and ␦K351L mutations resulted in a significantly higher ratio of surface to intracellular staining compared with WT (**, p Ͻ 0.01, ANOVA with Tukey's post hoc test). Error bars, S.E. C, C2 muscle cells were transfected with CD4-␤ and ␦ loop chimeras, and the percentage of each protein that was expressed on the cell surface was determined in on-cell Western blot assays. Like CD4-␤ and ␦ full loops, CD4-␤(333-369) and ␦(337-370) were expressed on the cell surface at much lower levels than CD4 (#, p Ͻ 0.01, ANOVA with Tukey's post hoc test). Moreover, surface expression was increased significantly by ␤K353L and ␦K351 mutations (**, p Ͻ 0.01; *, p Ͻ 0.05, ANOVA with Tukey's post hoc test, n ϭ 3-6 independent experiments). D, in analogous experiments in HEK cells, CD4-␤ and ␦ loops were expressed on the cell surface at significantly lower levels than CD4 (#, p Ͻ 0.01, ANOVA with Tukey's post hoc test), and their surface expression was increased significantly by K353L and K351L mutations, respectively (**, p Ͻ 0.01, ANOVA with Tukey's post hoc test). Thus, the retention/retrieval signals are also recognized in heterologous cells. E, C2 muscle cells transfected with CD4-␤(333-369) or ␦(337-370) were labeled with anti-CD4 antibody live for 10 min and then chased for 2 h. Co-staining for CD4 and giantin shows that the internalized CD4-␤ and ␦ chimeras remain in punctate-vesicular structures and do not traffic back to the Golgi complex. Together, these findings show that the ␤ and ␦ subunit proximal loops mediate both Golgi retention and retrieval from the plasma membrane, via similar sequence determinants.
positions in ␤ and ␦ loops. Mutation of ␤K353 and ␦K351 dramatically decreased Golgi retention and plasma membrane recovery of CD4-subunit chimeras. Moreover, the same mutations increased surface levels of assembled AChR in heterologous cells by ϳ38%, with an associated decrease in the intracellular pool of receptor. Together, these findings define novel motifs in the AChR ␤ and ␦ subunits that regulate Golgi trafficking and surface expression of the AChR. Function of Golgi Retention Signals-Our findings suggest two possible functions for the ␤/␦ Golgi retention signals in regulating AChR trafficking. First, the Golgi retention signals might help ensure that unassembled subunits or partially assembled intermediates that escape from the ER are not expressed on the cell surface ( Fig. 8 ). This would be detrimental because partially assembled intermediates that include the ␣ subunit could uncouple transmitter binding from channel function or form aggregates of misfolded protein. Support for such a quality control checkpoint at the Golgi complex comes from studies in yeast, where it has been demonstrated that some misfolded proteins that escape ERAD are recognized in the Golgi complex and trafficked to vacuoles for degradation (for review, see Ref. 27 ). In some cases, this involves monoubiquitination of misfolded proteins by Golgi-localized ubiquitin ligases, which leads to their recognition by Golgi-localized, ␥-ear-containing ARF-binding proteins and vacuolar trafficking. Similar, ubiquitin-based endocytosis and sorting also contribute to quality maintenance at the plasma membrane in yeast (27) . Intriguingly, such mechanisms are consistent with our finding that specific lysine residues are critical for ␤/␦ subunit retention in the Golgi and retrieval from the plasma membrane. Thus, ER-, Golgi-, and plasma membrane-based quality control mechanisms may combine to ensure that only correctly assembled, functional AChR is expressed on the cell surface. Receptor with combined ␤K353 and ␦K351 mutations was expressed on the cell surface at significantly higher levels than wild-type AChR (138% of WT levels, p ϭ 0.02, t test, n ϭ 4). Smaller increases were observed with individual mutations of the ␤ or ␦ subunits. Error bars, S.E. B, surface and intracellular AChR were isolated sequentially from HEK cells transfected with wild-type (WT) or ␤K353L/␦K351L (K*)-AChR and from control C2 muscle cells. The isolates were then immunoblotted with anti-␤ subunit antibody (mAb148) to compare receptor levels. Compared with WT-AChR, more ␤K353L/␦K351L-AChR was present in the surface pool and less in the intracellular pool. C, quantification of the immunoblotting experiments shows the relative percentages of surface and intracellular AChR. A significantly higher percentage of total ␤K353L/␦K351L-AChR was expressed on the cell surface compared with WT-AChR (p ϭ 0.02; t test, n ϭ 4), consistent with decreased Golgi retention. D, wild-type and ␤K353L/␦K351L-AChR were surface-labeled with 125 I-␣-BuTx, and receptor degradation was measured over time as described under "Experimental Procedures." The rate of receptor degradation is similar for wild-type and mutant AChR (n ϭ 5). Thus, higher surface levels of ␤K353L/ ␦K351L-AChR stem from increased trafficking to the cell surface rather than decreased turnover. as-yet unidentified protein (green). We propose that these motifs regulate the Golgi to surface trafficking of assembled AChR (i) and might also act in the Golgi and at the plasma membrane to retain and retrieve assembly intermediates that have escaped the ER (ii). This additional quality control mechanism could help ensure that only correctly assembled and fully functional AChR is expressed on the cell surface.
Second, the ␤/␦ Golgi retention signals could regulate export of assembled AChR from the Golgi complex ( Fig. 8 ). Importantly, mutation of the ␤/␦ motifs increased surface levels of receptor by up-regulating forward trafficking to the cell surface. Thus, the Golgi retention signals are not masked upon subunit assembly, as shown for ER retention signals (10) , and remain functional in intact AChR. Potential roles for the retention signals in assembled AChR could be controlling the size of the intracellular receptor pool, facilitating processing of N-linked oligosaccharides on the ␥ and ␦ subunits to complex forms (16, 28) , monitoring AChR association with rapsyn (29, 30) , or assessing the correct order or stoichiometry of subunits in the pentameric receptor.
Several previous studies support our conclusion that AChR export from the Golgi is regulated, and they identify possible components of the trafficking machinery. In the nematode C. elegans, genetic screens identified the Golgi resident protein unc-50 as being required for trafficking of levamisole-sensitive nAChRs to the neuromuscular junction (17) . In unc-50 mutants, this subtype of AChRs is sorted to the lysosomal system and degraded, whereas other AChR types and GABA receptors are trafficked normally to the plasma membrane. This suggests that unc-50 is involved in the recognition and sorting of AChRs in the Golgi, likely by interacting with subtype-specific trafficking motifs. Similarly, in mammalian systems, the neuronal calcium sensor VILIP-1 binds the neuronal ␣4 subunit at a site in its proximal cytoplasmic loop (14) and up-regulates surface expression of ␣4␤2-AChRs. Notably, VILIP-1 associates with ␣4␤2 receptor in the trans-Golgi network in a calcium-regulated manner and appears to promote receptor trafficking to the cell surface (31) . Given that unc-50 and VILIP-1 promote AChR export, however, it seems likely that other Golgi components will mediate AChR retention via interaction with the ␤/␦ subunit motifs.
In summary, our findings identify novel molecular determinants in the muscle AChR ␤/␦ subunit cytoplasmic loops that regulate Golgi to surface trafficking. An intriguing possibility is that these retention signals provide an additional quality control step that monitors AChR biogenesis and surface expression.
